One sentence summary: This is the first report of the prevalence, characteristics and genomes of hypermucoviscous Klebsiella pneumoniae strains of different capsular types isolated from patients and the environment in the Russian Federation. Editor: David Rasko
INTRODUCTION
Klebsiella pneumoniae, a Gram-negative facultative anaerobic rod-shaped bacterium, is a multidrug-resistant opportunistic pathogen that is commonly the cause of nosocomial infections such as septicemia, pneumonia, urinary tract infections, surgical site infections and catheter-related infections (Podschun and Ullmann 1998) . In the past three decades, a new type of community-acquired hypervirulent K. pneumoniae (hvKP) causing invasive life-threatening infections has been described. These strains were associated with primary pyogenic liver abscesses and were disseminated globally, especially in Asia (Liu, Cheng and Lin 1986; Fang, Sandler, and Libby 2005; Turton et al. 2007; Sobirk, Struve and Jacobsson 2010; Shon, Bajwa and Russo 2013) .
A distinguishing feature of the majority of hvKP strains is hypermucoviscosity (HV), which can be detected by the 'string test' (Shon, Bajwa and Russo 2013) . The HV phenotype of K. pneumoniae is due to the overproduction of capsular polysaccharide (CPS) and the expression of the plasmid-borne regulator of mucoid phenotype (rmpA) gene and transcriptional activator rmpA2 gene (Cheng et al. 2010; Hsu et al. 2011) . The association between K. pneumoniae virulence and the capsular polysaccharide structure was described. Seventy-eight capsular serotypes of K. pneumoniae have been identified to date, with K1 and K2 serotypes being considered the cause of most severe hvKP infections (Fang et al. 2007; Yu et al. 2008; Liu et al. 2014) .
It is unclear whether all hvKP strains are hypermucoviscous (Shon, Bajwa and Russo 2013) . However, it was noted that HV-positive strains are much more likely to be associated with liver abscess, meningitis, pleural empyema and endophthalmitis than HV-negative strains (Lee et al. 2006) . The majority of hvKP strains belong to the CC23 clonal complex, which is composed of a prevalent K. pneumoniae sequence type, ST23, and some other less distributed sequence types, ST57, ST163, ST137 and ST217 (Luo et al. 2014) .
The present study focuses on the prevalence of hypermucoviscous strains among K. pneumoniae isolated in Russian hospitals in the period from 2011 to 2016, and their characterization including whole genome sequencing of two hospital HV strains belonging to the K1 and K2 capsular types, and one environmental strain belonging to the K20 capsular type.
HYPERMUCOVISCOUS KLEBSIELLA PNEUMONIAE ISOLATION
Klebsiella pneumoniae strains (n = 236) isolated from Russian hospitals and from the environment in the period from 2011 to 2016 were studied. Major strains were multidrug resistant, with resistance to three and more functional classes of antibacterials (Fursova et al. 2015) . Twenty-seven K. pneumoniae strains with the HV phenotype were identified using the 'string test' (Shon, Bajwa and Russo 2013) . All HV-strains were studied by PCR amplification using oligonucleotide primers specific for the rmpA gene and K-serotype-specific wzy genes for K1, K2, K5, K20, K54 and K57 as previously described (Fang et al. 2007; Brisse et al. 2009 ). The PCR-based characterization of 27 HV strains was as follows: 23 strains were positive for rmpA, 11 for the K1 serotype, seven for the K2 serotype, four for the K57 serotype, two for the K20 serotype, and three were undetermined using the set of primers (Supplementary Table S1 ).
Multilocus sequence types (MLST) of 23 HV strains were identified according to the Pasteur Institute MLST website (http:// www.pasteur.fr/recherche/genopole/PF8/mlst/Kpneumoniae .html) based on the DNA sequencing analysis of seven housekeeping genes: rpoB, gapA, mdh, pgi, phoE, infB and tonB. It was found that most strains of capsular type K1 (10 of 11 strains) belonged to the sequence type ST23; one K1 strain and four K57 strains belonged to the sequence type ST218; and three K2 strains belonged to the sequence type ST86. A unique allele of the infB gene was identified in the KPM9 strain (K20 capsular type), and therefore a new sequence type, ST1544, was assigned. Two more K. pneumoniae strains, KPi3014 and KPB4010, belonging to the K2 capsular type, were referred to two novel sequence types, ST2174 and ST2280, respectively, because of novel allele profile combinations.
Thus, HV strains accounted for 11% of the clinical K. pneumoniae isolates under study. Among these Klebsiella strains, the capsular type K1 and sequence type ST23 were predominant.
GENOME SEQUENCING AND GENERAL PROPERTIES
The data on genome sequences of three hypermucoviscous K. pneumoniae strains, KPi261, KPB4010 and KPM9, deposited at the State Collection of Pathogenic Microorganisms and Cell Cultures (Obolensk) under accession numbers SCPM-O-B-7850, SCPM-O-B-7846 and SCPM-O-B-7749, respectively, are presented. Klebsiella pneumoniae strain KPi261 was isolated from sputum of a young woman with infection of the upper respiratory tract at the Infectious Disease hospital in 2014. The strain KPB4010 was isolated from the cerebrospinal fluid of a young female suffering from nasal liquorrhea at the Neurosurgery hospital in 2013. The strain KPM9 was isolated from a freshwater specimen in 2011. The K. pneumoniae clinical strains KPB1040 and KPi261 were resistant to the majority of antibacterial agents used (Supplementary Table S2 ). Thus, the strain KPB1040 was resistant to ampicillin, amoxicillin/clavulanic acid, cefuroxime, cefotaxime, ceftriaxone, ceftazidime, cefepime, ertapenem, imipenem and nitrofurantoin. The strain KPi261 was resistant to ampicillin, amoxicillin/clavulanic acid, cefuroxime, cefotaxime, ceftriaxone, ceftazidime, cefepime, gentamicin, tobramycin and sulfonamides. In contrast, the environmental strain, KPM9, was resistant only to ampicillin. The bacteria of all three strains were highly virulent for mice with LD 50 less than 30 colony forming units.
Whole-genome sequencing was performed using the Illumina MiSeq instrument according to the manufacturer's instructions. For each genome, reads were assembled de novo using SPAdes (http://bioinf.spbau.ru/spades). Finally, from 54 to 135 contigs for each genome were obtained (Table 1 ). The genome size ranged from 5.43 to 5.72 Mb, with the GC content ranging from 57.0 to 57.4%.
PHYLOGENETIC ANALYSIS
Complete genome sequence data of 56 K. pneumoniae strains from the DDBJ/EMBL/GenBank database isolated in different geographical areas as well as KPi261, KPB4010 and KPM9 strains (Supplementary Table S3 ) were used to determine bacterial core genome single nucleotide polymorphism (SNP) with Wombac 2.0 software (http://www. mybiosoftware.com/wombac-1-1-bacterial-core-genome-snpsphylogenomic-trees-ngs-reads-andor-draft-genomes.html). The tree was constructed on the base 88086 SNPs by using the neighbor-joining method implemented in SplitsTree (Huson and Bryant 2006) . The bootstrap value of almost all branches was 99-100%, except for a few branches in the central area of the phylogenetic tree. The analysis revealed the tree to have no conspicuous internal structures. The strains were clustered in homogeneous branches that were well separated from other groups. This result demonstrates the existence of clearly delineated K. pneumoniae clones (Fig. 1A) . The strain KPB4010 was most closely aligned with clinical K. pneumoniae strain 1158 belonging to the K2 capsular type isolated in Taiwan in 2002 and two K. pneumoniae strains isolated in Malaysia from the posterior dorsal surface of the tongue of a healthy individual (Yin et al. 2012) . The strain KPi261 was grouped into the same clade as strains of clonal complex CC23, belonging to the K1 capsular type; most of these isolates were collected from blood of the patients with severe infection diseases. This group includes hvKP Klebsiella strains causing liver abscess such as 1084 (Lin et al. 2012) , NTUH K2044 (Wu et al. 2009 ), ED2 and ED23 (Lin et al. 
PLASMID IDENTIFICATION
Plasmid sequences were identified in the contigs of all three K. pneumoniae strains under study. The plasmids were highly similar to the large virulence plasmid pLVPK of K. pneumoniae CG43 (Chen et al. 2004 ). The BLAST-based search for pLVPK homologous sequences revealed five large K. pneumoniae plasmids (202 852-228 907 bp): pK2044, pRJF293, pRJF999, pKCTC2242 and an unnamed plasmid of K. pneumoniae strain ED23 (Supplementary Table S4 ). A phylogenetic tree of the plasmid homologous sequences based on SNPs (n = 203) was constructed by the neighbor-joining method implemented in SplitsTree. Phylogenetic relationships of the named plasmid sequences and the plasmid sequences revealed in the KPi261, KPB4010 and KPM9 strain genomes are presented in Fig. 1B .
DETECTION OF GENES ASSOCIATED WITH VIRULENCE
A polysaccharide capsule is one of the major K. pneumoniae virulence factors (Cortes et al. 2002) . CPS synthesis gene clusters of the KPi261, KPB4010 and KPM9 strains were identified. The CPS gene cluster of clinical strains KPi261 and KPB4010 showed 99.98% and 98.34% homology with the CPS cluster of K1 capsular type (GenBank AB924547.1) and K2 capsular type (GenBank KJ541664.1), respectively. The CPS cluster of the KPM9 strain was identical (99.95%) to the gene cluster of the K20 capsular type (GenBank LT174542.1). These data confirm the results obtained by K-serotype PCR typing by wzy genes. The presence of the chromosomal 22-kb allantoin regulon all region and the kfu operon encoding the iron uptake system in K. pneumoniae genomes was correlated with the high virulence and invasiveness of the strains (Chou et al. 2004; Ma et al. 2005) . Named genes were identified in the strain KPi261. Interestingly, an IS-like sequence was detected in the all regulon of KPi261 between the allB gene and the uracil transporter gene. The sequence of the all regulon was not detected in the KPM9 and KPB4010 strains. In its turn, the kfu operon was not detected in the KPB4010 strain. The presence of the all regulon and kfu operon in K. pneumoniae strains of the clonal complex CC23 and their absence in almost all non-CC23 strains were demonstrated in other publications (Luo et al. 2014; Struve et al. 2015) .
The genes of the aerobactin-producing system iucABCDiutA and two additional iron-transport systems, iroBCDN (cluster mediating iron uptake through a catecholate siderophore) and fecIRA (Fur-dependent regulatory system for iron uptake), usually were associated with virulence plasmids (Ramirez et al. 2014) . We detected such structures in the genomes of KPi261, KPB4010 and KPM9 strains. Nucleotide sequences of these genes in three sequenced genomes and in pLVPK and pK2044 plasmids were compared. iucABCD genes encoding the aerobactin system showed 100% homology for all three genomes under study. Sequences of the iutA gene localized on the plasmids of KPB4010 and KPi261 strains were 100% identical to those localized on pLVPK and pK2044 plasmids. At the same time, the iutA gene of K. pneumoniae KPM9 had one SNP that differentiates this strain from the two others. Nucleotide sequences of iroBCDN and fecIRA gene clusters of all three sequenced genomes were more than 99% identical to those of pK2044 and pLVPK plasmids.
In addition, the rmpA and rmpA2 genes were identified in all three genomes under study with 100% and 99% homology to pLVPK and pK2044 plasmids, respectively. The previous epidemiological analysis has revealed a statistical correlation between the rmpA gene and specific clinical manifestation of diseases (i.e. liver, lung, neck and some other focal abscesses) caused by hypermucoviscous K. pneumoniae.
ANTIMICROBIAL RESISTANCE GENES
Antibacterial resistance genes were identified in all three sequenced genomes as well. The beta-lactamase gene bla and the oqxAB gene cluster encoding the RND-type multidrug efflux pump were detected in the genome of the KPM9 strain. The beta-lactamase gene bla and oqxAB gene cluster were identified in the genome of the KPB4010 strain. Four antibacterial resistance determinants were detected in the KPi261 strain: beta-lactamase genes bla and bla , oqxAB genes and a class 1 integron carrying the gene cassette array (aadA1, aadB and dfrA1). 
CONCLUSION
The genome sequences of two hypermucoviscous K. pneumoniae clinical strains, KPi261 and KPB4010, belonging to the K1 and K2 capsular types, as well as the genome sequence of environmental K. pneumoniae strain KPM9 attributed to the K20 capsular type, were obtained. Chromosomal and plasmid genes associated with virulence and antibacterial resistance were identified in the genomes. This is the first report describing the genomes of hypermucoviscous K. pneumoniae strains collected in Russia.
